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NATIOIIAL ADVISORY COIiillTTEE FOR A3R0NAUTICS 

for the- : •' • 
Materiel Command, U.S. Army Air- Forces 
FLIGHT TESTS - OF SEVERAL EX-RAUST-GAS-TO-AIR 
.• KSAT EXCHANGERS IN' A B-17F AIRPIANE 
By Bonne C Look and. Janes Selna 

, :. : - ■ • . -SLmiARY 

Seven exhaust -gas -to-air heat exchangers xfere flight- 
tested at the Ames Aeronautical Laboratory of the National 
Advisory Committee for Aeronautics' on a B-17F airplane to 
determine their performance characteristics and to investigate 
their flame-suppression qualities. The tests v/ere cona.ucted 
to secure performance data of heat exchangers which -might be 
suitable for use in the thermal ice-prevention and cabin- 
heating systems of the heavy bomber-type airplanes.. 

For this investigatlonj the performance characteristics 
of the heat exchangers have been defined as the air-flovr rate, 
air-tem.perature rise, rate of heat transfer, and the air- 
and exhaust-gas-side pressure drops. The information obtained 
is presented In tables v^hich includ.e the -recorded data and 
the" general performance characteristics of the heat exchangers 
evaluated from the recorded datao The design requirements of 
heat exchanger installations for a typical four-engine bomber 
cabin-heating and thermal ice=^pi''evention system are presented 
and compared with the performance of the tested exchangers. 
The flame- suppress ion qusilities of the exchanger were investi- 
gated by visual observation, and the -results are presented in 
'tabular formo A Dimited axiount of informac-ion was secured 
relative to the effect of a heat exchanger, installed betv/een 
the engine and the turbine supercharger, on the supercharger 
speed and angular -'position of the waste-gate butterfly valve. 

The results of the performance tests indicated that under 
design test conditions the rate of heat transfer specified for 
the outboard.-nacelle heat-exchanger installations v/ould 
probably be realized by the units tested in those nacelles. 
It is questionable if any of the exchanger installations 
tested would have satisfied the rate-of-hoat-transf er require- 
ment for the inboard-nacelle installations at design test 
conditions. For all installations it was found that the air- 
side flow resistance, indica.ted by the total pressvire drop 
across the heat-exchanger installations, was high and resulted 
in low air-flow rate and in most cases high e.ir-temperature 
rise. 



2 



The results of the f lanie-suppression investigation showed 
the glowing of the exhaust stack and turbine-supercharger 
parts to be more visible than the exhaust-gas. flaming for the 
conditions tested. The data Qbtairjed"on the effect of a heat- 
exchanger installation on the operation of a turbine super- 
charger indicated, that -the .critical^ altitude of the- -super- 
charger for rated engine-pox-rer conditions vias not affected by 
the heat-exchanger . installation-o \*-"Also/. for' d given manifold 
pressure ; greater closure of the v/aste-gate valve was required 
with the exchanger installed thajn xvithout .^the exGhangero The 
investigation was limited in scope and did not provide 
sufficient information for final conclusions regarding the 
effect of heat-exchanger inst£?*llataons on supercharger perform- 
8.nce. 

: i^iTRODUCTiorr - */"" - 

..For the. past several years, an extensive" investigatioil of 
exhaust-gas-to-air • hea.t exchangers has been conducted by the*" " 
IJACA at- the. Ames AeronaAitical ".Laboreit-ory and at -the •■University 
of California as a part of -a general- research- program oh the ^ 
development of thermal ice-prevention equipm.ent for airplane 
The results of . a large portion of the 'research conducted .at 
Am:es ."Aeronautical Laboratory are presented in reference 1, ■* ■ " 
wherein reference is also ..maxLe to the v^orh done at the Univer- 
sity, of -Calif ornia,o . These .preliminary reseG.rches were of .a;.. : 
general nature to* investigate the performance of the exchangers 
and the feasibility of their use in thermal ice-prevention 
equipm^ent o . ^ 

■ The purpose of the present investigation was to ■det&rmine 
tTi'B' performance of various types of cxhaust-gas-to-adr heat 
exchangers with respect to their adaptability to a production:: 
version of thermal ice-prevention and caibin-heating equipment-.- 
for a :heavy bomber tjnDo'^ airplane o ■ The tests were conducted .on 
the ;B-17F airpleaie, for' which the ^vmes Aeronautical Laboratory 
had designed/ installed and flight-tested a thermal. ice- 
prevention system (references 2 and 5)0 Performance data were 
obtained for*' each heat exchanger for similar flight conditions* 
The. performance tests were supplemented by night flights .' 
cLurihg '.which the -degree of flajne suppression provided by the.-, 
different, exchanger installations wa^j. obscrvcdn. A limited 
amount of .inf .ormation was obtained on the effect of a heat-- 
exchanger installation on the turbinc-s.uperchargor; operation 
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..• .".'Description "•_ 

The B-17F airplane in which the seven exhaust-gas- oo-alr 
heat exchangers were t.ested is shovm in figure 1. The seven 
heat exchangers tested were all-prlnary surface units of 
three general types : (l)- tubular,- (2) plate, £Cnd .(3) flute. 

One of the original heat exchangers us6d in the thermal 
ice-prevention-systera of the 3- 17F airplane, employed ais a 
test airplane for the present tests is shown in figure 2. 
The exchanger v:as of the cross-flow type and consisted of a 
stainless-steel shell with longitudinal folds to' form fins 
on the exhaust-gas side, and copper strips inserted in the 
longitudinal folds and cut to provide pin fins on the air 
side. This heat exchanger is described in detail in 
reference 2 and performance a.at a may be found in references 2 
and 3» 

The two tubular-type heat exchangers were cross-flow iri. 
aesign, the air flowing across the tubes and the exhaust gas 
tlirough the tubes. These exchangers are designated as. heat 
exchangers 1 and 2 and are shovm in figures 3 to 6 inclusive. 

n^he three plate-type heat exchangers tested were also 
cross-flow. in design, and consisted of a number of alternate 
air and gas passages separated by thin plates. For two of ^ 
these exchangers, designated as 3 and 4, the separating plaoes 
were flat, and the two exchangers differed only in the number 
of air passages, exchanger 3. having nine and exchanger ^1- 
having eleven. The additional air passages in exchanger ^4, 
one on each side, were provided because it. was doubtful if 
the outside plates of excha,nger 3, which formed one side of 
8 p-as passage, would, be sufficiently cooled to prevent 
buckling and distortion. These two heat exchangers are snown 
in figures 7 to 10, inclusive. In the case of the third 
plate-type heat exchanger, designated, as heat exchanger 5 
and shown in figures 11 and 12, the separating plates were 
corrugated. The corrugated plates xfere assembled in such a 
manner that a straight passage, diamond- shaped in cross _ 
section, was presented for exha,ust-gas flow while the air 
was caused to' flow through a narrow, constant-gap, i^indmg 
passage. 

The two flute-type heat exchangers wore parallel-flow 
in design, and consisted of a series of altcrnato air and 
gas trapezoidal ducts vrhich formed a cylindrical heat ^ 
exchanger with a. hollow core. These heat exchangers, ccsig- 
nated 6 and 7, are shoxm in figures I3 to IJ. . Heat , _ 
exchanger 6 was iDrovided xvith a removable plug located m 



the hollow core of the exchanger. 'bin the exliaust-gas side for 
the purpose of d.irecting all of the exhaust gas through the 
trapezoidal gas pa,ssagesir "(-See fig-e- 15*) 



; - = - ;■- . *. Installatibn- ' j ■' -■'^ j ■■^ 

. ' • ' The- iyarious.. heatrekchanger - ins tal'lati oris;, are ■'de'scrxh^ 
detail "because in Oweterninlng a heat exchanger for use in 
bonber-t ypd:' airplane s'- 'it -is * important- • to\" con'slder the 'ease of 
ins'tallaiti/.ori pf:? the . unit,- and- becatise. the -perf-qmance of . -a; heat 
exchanger .depenas " to ^:a great extent' on., the: nmriner - in: vrhich it 
is' insta.lled*^'in the' airpla.ne.g' -In .figure'' lo' the.' heat: exchangers 
are listed" according to. the nacelle "in v;hich. the.y- -v^ere tested. 

Ail"- the' heat exchangers were . designed to., 'replace .the- ... 
straight rembvkhle" section .of the exhaust-stack, systbn .between 
the ball joint:': and" -the. turbine superchea-^gei^ . The 
sections were about 2^- inches long for nacelles 1 and A/ and 
3^ inches long for nacelle 3o Heat excha^ngers 1^ 3; ^-^ 5) ^-i'^-cl 
6 were designed for installcitioh- in nacelles 1" or" J^--, and heat 
excha-nge'r 7 ' v;as desighed -Tor -insta.l.latioh Un nacelle 3^;»'- -Hea.t 
exchanger 2 was not ^ designed -for -a. specif ic^ -riac el le^^^^^^^^^ .was"-" 
-tested in- nacelle "3 • * • " ■ ' ' • • . '■"••''^ 

In general', each •heat-exchahg^r-^-ihstall^ 
of • the air ihlet • ■ scoop ^" -heat-exchanger • shroudy air ol^tlc-t-'"-^ "" 
heacl'er , ■ and* the- hecessar'y ducting; to •dXrect ' the Vhcatfed- air: ^to 
the point of -dischargCo 'Since" thc-; -test^s- wcrb- conducted .to 
determine the perforinance of the' heat ^ oxchan^'crs '^i^^^^^ " 
the therniel • ice-prevehtlon" equipment , the' heat cd -ai the 
outboard -exchangers' "was discharged" -ovbrbooi^d" at the - top -of- the 
nacelles and the - air from" the inbo&rd/ exchanger; was 'discharged 
through a louver in the- upper 'surf ace* of^ ;the wi^g,^ 
tions to- the- nab'-olles" wcre~ ncce^ssary - in- oVa-er* tp- acco 
•the various^- heat exchangers ;and to- provided for: the 

hea.tcd' air 0 -The majority of^' the- alter^^^ c'onf iac-d -go 

the cxha.ust \sliroud, defined •as ttot, port ion' of ^ naccllb'^' ' 
structure- (turned of • corrosiont-resistaht steel; -shc-ct:) '^which- • 
shields- from- the - remainder of the "hacclle=-'hco.t-'"axid 
gases from the exhaust stacks -.The installation of" heat:" 
exchanger 1 in naceilc 1 required a' cut-out iri: the.'' c:dir^xi»0to'.' 
shroud f or the heat bd-air: outlet as-- shovrri iiV-fig^irc 
installation of exchanger S in naceilc 1 necessitated an " 
enlargement of the exhaust shroud. and, also, a cut-out for 
the' heat cd-air outlet, (See- fig* 50.^ ).-:';--- •'.::.": <. : 

C on si derable alter at i on t o " nac oilc J was .h'ecbs sary-: :'f or ' ' 
the installatibn of -heat dxchangor '2. ~ '•The'-cxhau-s^^^^^ shroud was 
altered to* accommodate the heat" exchanger- and:- pprp vide for .the 



lieatecL-air outlet as sao^m in f igure • 21. • .No najor altera- 
tion of. the exhaust shroud, was required for the installa-- 
tion of heat exchanger 7 as the- original shroud of nacelle 3 
was used and a heated-air out let,.- provided as shown in 
figure 22o.- In the" case of nacelle one alt eration.^to. the 
exhaust sliroud was sufficient for the installation of -..all- 
tliree of the exchangers tested in that nacelle This altera- 
tion is shoiTO in figure 23. The top of the shroud was left 
open for the heated-air outlet, 

■Details of the heat-exchanger installations for the . / 
performance tests are given In figures 2^!- to K^, incrasive^>^ 
These installations were for test purposes of limited-. dura- 
tion and do not necessarily represent a satisfactory service 
installation. In the installation details the heat-exchanger 
shroud is defined as that portion of the system which re- 
stricts the air flow to the exchanger passages between the 
inlet scoop and the outlet header « For example, in the case 
of exchangers 1 and 2, the exchanger shrouds are considered 
"to he the additions to the exchangers as is evident from a " 
comparison of figures 3 and 5 x/ith figures ^ and 6, respec- 
tively. For exchangers 6 a.nd 7, the exchanger shroud con- . 
sisted of the exhausts-stack shroud on one side of the exchanger 
and a continuation of the air inlet scoop on the other side. 
The space between the exhaust stack and the shroud was sealed, 
in front of and behind the heat exchanger, with, rings formed 
of stainless steel which have been referred to as dams, (Se.e 
figs. 27, 2S, 33, and 3^1- o ) The air-tcmpering system shown . 
in figures 33 and 3^1- was not installed until after the ^ 
performance tests/ In preliminary flights with exchanger o, 
the plug in the exliaust-gas core was found to prodA^.ce an ]\ 
excessive temperature rise of the air- and v/as, theref oro-,. 
removed foi" the performance tests. 

For the' f lam.e-suppression tests,, the installations of all 
the heat exchangers except 6 and 7 were the same as for the 
performance tests. In order to increase the quantity of heat 
removed from the exhaust- gas 'for heat exchangers 6 and 7; "the 
rear dams wero- removed, thus allowing, the air to discharge 
through this opening In addition to "the regular .discharge. 
Furthermore, .in the case of exchanger. 6, the gas-side plug which 
had been removed for 'the 'performance tests x^^as reinstallcda 

After the perf ormaiaco and flame-suppression tests of. 
the heat exchangers- had been com.pleted, three. :of the heat 
exchangers- which appeared to be- mo.st readily adaptable for use 
wore installed in' nacelles 1,-3^' for service testing. The 

preliminary investigations of the service-test installation, 
hereafter referred to as the final installation, were conducted 
at the Ames Aeronautical Laboratory and form a part of this- 
report. 



A valVe as sernb-ly. . vzas . ;iris;tall.ccT in ■ the ' heat ed-^alr-out le t 
svster.i of" the.' final ins'tallation.s vrhich. provia.ed for directing 
the heated- air to /the. -.ice--pr6veri^^ nacelle 1 to 

the left-wing ■ o'.ut e.r pane 1, -.• from n$;ce.Il.e 3 - ^ ^' -"th^ enijpennage , 
and fron nacelle- '^- ' to'^ the. /right-tv panel') ' or overboard* 

'The., valves were^ actuated by electric /motors and could be 
operated in flight c'..- During preliminary' tests of the final 
installations the heatca air' xva;s disQharged overboard; hov/ever, 
the valves wrc included in' the installatlohs iri' order that* 
the heated air could be directed, to .the ice-prevention system 
during .^the^ service. testvS o; ' *'. "* ..; / ,:* ; 

The final revisions to heat excha/ngor 3; and the ■■inGtal- 
lation.'. details arc- slioVm . in^f igures ^1:6 .t b' .5I; .inclusive • 'The 
revised -shro.ucL .design shov/n In .f igure :proxi'ded' ".an increased 
air -passage around the sides of the; ■:exchanger and freedom of 
motion .between the shroud and' .exchanger 3 . (See Section .C-'C, 
Fig=. 4^.,) -The new. a.ir inlet scoop (f ig«"51) ; extended forT/ard 
to the rear edge of the cox/1 '.flaps ^ -and a /Dafflc' ("or gloxf 
.shield). \ras installed inside .-the ' scoop in order to " reduce the 
possibility of oil arid explOvSive -gasoiinc/v^ipore the 
system .with, the air and to .decrease the. visible -glow of the 
•exhaust .• system- ..-to a minimum r .An opening vras ^ provided in each 
side • of 'the ' scoo]p between the 'glow ■ shield and"" the ' exhaust stack 
to provide for circulation '..of cooling-, air against the cxhaust- 
st^-ck assembly* ' / \ ".; ; ; ■ ■ • ' 

During, the perf prmarice "test s/' exchanger » 7 had developed 
cracks in the .f lutes at., the fgrward beaded ring, and' some of 
the spot welds attaching the ■flutes to the circumferential 
rings .had:failcdo ..' For the..' final' Installatiori a' new: unit- was 
constructed', ' shoTvni in f igure : $2, which was - of the '-same- design 
as the original exchanger 7/ "but was f abricated* sobiei/hat. 
.differently- in an effort to eliminate the failures noted above, 
A new type circumferential band was designed to provide less 
restriction ' to . expansion, of, the^ exchanger, ' and the' flutes of 
the- new hea^t exchanger were: f ormed to eiLiminate" the- -Welded 
joint o.t the ' inn.erm.ost; edge, of e^ioli flute >• aihich simplified 
the joining of. the .flutes .a.t the .e^id bands of the heat' : 
•cxchangor o" / ' ' Z'" .. ' [[\ ' *' - ■'■ ^- 

The final heat-exchanger "instailation- in iiacelle .*3 ^Lid 
not- require alterations to the exhaust shroud, but a cold-air- 
tempering system, was'.instailea. in :oiVi^^ to docreo:se. the temper- 
.ature'of the' air siapplied t.o the ice-prevention system*o-. This 
air-'tcmpering' installation., shown- '-in figures 33; ' 3^; ^-'^^'r 53> 
■consisted of an air., inlet .scoop 'located on- the nacelle: .above 
and o.ft ' of . 'the hekit-e.xcho,^^^^^ scoop, .a -'duct /to direct ..the air 
to the .heat-exchanger. air 'Outlet "head^ a valve to control 

the amount of cold air admitted into the- heated-air stream. 
The valve position was set before flight because. no^means vj-as 
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provided to adjust the valve during flight. The valve assenoly 
to control the direction of heated-air flow was located in the' 
wing nea-r the overboard d-ischarge louver.' (figs o- -35 and 
The final, installation of heat- excha-nger 7;, ready"^ f or flight-^. - 
testing, is shox^rn in figure 55* ■. ■ . 

Heat exchanger 3, shrouded as shown in, figure 5^; wa-s 
installed in nacelle 4 for service testing..". The shroud wa.3 
added to the heat exchanger to provide two ' additional ^.ir 
passa.ges, approximately five-eighths inch wide^ in order to 
increase the air-flow rate through the. unit o The installation = 
of this exchanger was siralar to tho-t of excha.nger 5 in nacelle 
1 and. is shovrn in figures 57 'to 60, ' 



Instrumentation 

The instrumentation of the heat-exchanger installations 
provided for the determination of the air-flow rate^ tempera- 
ture rise, and static pressure drop (including losses in inlet 
scoop and outlet header)^ the heat transfer to the air^ aaid 
the sta.tic pressure drop of th^ exhaust gas across the ex- 
changer c Som.e additional dat-. were obtained relative to ea.ch 
installation such as the temperatures of points on e:diaust 
sliroud a.nd the total pressure at -the air inlet scoop » . The 
folloT':ing. temperature and pressure data vrere obtained: 

Temperatures 

Exhaxist gas "forward of the heat exchanger 
E:diaust gas-a.ft of the heat exchanger 
Ambient air ' • 

Heated air out of the heat exchanger 
Various points of the heat exchanger and exhaust 

shrouds, and the heat-exchanger air outlet header 
Exhaust-stack x-jall a.t the locations of the for\vard 
and aft exhaust-gas thermocouples 

Pressure^^ 

Static in the exhaust stack forimrd of the heat 
exchanger 

Exlia.ust-gas static pressure drop across the hea^t 

exchanger ■ ■ 

Total in the air inlet scoop 
Static* in the air inlet scoop 
Static in the heated-air outlet ducting 
Static at venturi meters used to obtain the air-flow 
rates 
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Unshielded thermocouples x^ere used to indicate all temper- 
atu.res except that of the ambient air, which was obtained X'/ith 
a glass-stem thernoneter in a radiation shield mounted in the *' 
air strean* Chrome 1-aluJiiel v^ire xms used for the thermocouples 
in the exliaust-gas streaxi, and iron-constantan wire was used 
for all- other s," The types of thermocouples used are' shovm in 
figure 6lo The temperatures v/ere obtained with a portable 
potentiometer-. The pressures v/ere obtained with sta.tic or ' 
tota.1 tubes. a.s shown in figure 6l, The absolute value, of the " 
static, pressure .in the exhaust stack forxjard of the hea,t 
exchanger vxas indicated on a manif old-presaure gage«- The-- •• 
exhaust-ga.s static pressure drop across the heat exchanger" and 
all air pressures x^'ere indicated on water manometers. The air 
pressures were referred to the static pressure of the service 
airspeed heado The loca-tions of the thermocouples and pressure 
tubes are shoxm on the insta.llation draxrings of each heat ex- 
changer (figs. 2^!- to k-^-). The 'instrumentation ■ of all. heat ex- 
changers xfas siriilar xvith respect to. locations arid types .of . 
therm.ocpuples and pressure- tubes used. 

■ Ifnen the heat-exchanger tests x/ere completed, a quaidruple- 
shielded thermocouple, shovrn in figure '62, xms instaulled in 
the exhaust stacks of -engines 1 and 3 "t"^ provide an indication 
of the radiation -error of the unshielded, gas* thermbcbuples • 
The shield.ed .thermocouple was installed .in the .center of the 
the regular straight sections of exhaust stack which had been 
replaced by the heat exchangers. Thus, in nacelle 1, the 
shielded thermocouple x^as located approximately halfx^ray 
betxfeen stations and 23 (fig. 2^0; and in nacelle 3, ^.pprox- 
imately halfway between stations 2 and 2D' (figo 3^). '^The 
section of straight exhaust stack v/as lagged with asbestos, 
approxim.ately tliree-eighths inch thick, and the unshielded 
therm.ocouples used during, .the heat-exchanger tests wore left 
in place in the unla^gged portions- of the exhaaist system. 

A single unshielded thenuocouple (fig» 6l).and a venturl 
meter x-jere installed in the heated-air discharge d.ucte of the 
final heat-exchanger installations in nacelles 1 and In 
the case of the final installation for nacelle 3/^-^ unshielded 
thermocouple x-^as installed, in the duct betx-zecn. the exchanger 
outlet header and the discharge-valve assomblyo The vcnturi 
meter, located. between the- exchanger in na-celle 3 and.the- 
hcated-air discharge louver for the performance tests, v/as 
left in iDla^ce. 

Although during the preliminary tests of the final hcat- 
cxchangcr installations the heated'; air xms directed overboard 
only, a single unshielded thermocouple xjas located in the duct 
X'^hich directed the heated air to the vring outer panels of the 
installation in nacelles 1 and l-l- for use during the service 
tests. Also, for the right wing, the quantity of air flow 



9 



could be determined when the air v/as directed to the .ice-* 
prevention system by means of ., the venturi meter* lo.cated .near 
the outer panel joint (reference 2). ' ' " ■ 

During the tests of the final /heat-exchanger install' 
lations, instrumenta.tion was" provided in .nacelle- 3 to obtain 
the turbine-supercharger speed and angular position' of the 
v;aste-gate butterfly valve. An indice,ting tachometer . vra,s ' 
connected to the turbine supercharger, and an NACA control-" 
position recorder v/as attached- to the. vjrast.e-gate- but terf ly • .• 
valve. . . 



TESTS 

Prior to flight tests, the engines v:ere operated on the 
ground with the heat exchangers installed. All pressure and 
temperature data were recorded for the heat-exchanger instal- 
lations at engine-power conditions of approximately l6 inches 
of mercury manifold t)ressure and 1200' rpm engine speed. The 
engines were also operated at high-power' conditions of full 
throttle and full boost in order to- investigate the maximum, 
temperatures of the heated air and parts of the exha.ust shroud 
under these severe conditions of low air-flovr rate and high 
exhaust -gas -flow rate and temperature. 

ifnen the heat-exchanger installations xvere considered 
satisfactory, as determined by .the ground testing, the flight 
tests x^ere made to investigate the perform.ance of the hea-t 
exchangers at various flight" conditions. Pressure and temper- 
ature data, were recorded for each hea.t excha.nger during rated-^ 
power clim.bs and normal descents at various altitudes. Data 
vrere also recorded during cruising-^power level flights for all 
of the heat excha.ngers at 16,000 feet pressure altitude; for 
heat e?:changers 1, 2^ and 3 ^-i. 25,000 feet pressure altitude; 
for heat exchangers 4,. 5; fc; ^^^^'^ 7 ^-'^ 30,000 feet pressure 
altitude; and for heat exchangers 5r ^-'^^^^^ 7 ^-"t 'prySoO feet 
pressure altitude. For^ each flight condition the engine power 
was repeated, as nearly as possible, for all heat exchangers 
tested. The heated-air temperatures and air-flow i7ates were 
obtained for the final installations of heat exchangers 3, 5; 
and 7 during rated-pov/er climb and level-flight conditions 
similar to the performance tests in order that the final 
installations could bo compared to the performance-test 
installations. ' • ' • 

Night flights were conducted to observe the flaming of 
the exhaust gas and glox^^ing. of the c:>diaust stack and turbine 
supercha.rgcr for each excha,nger-perf ormance installation with 
the exception of exchanger 5* Visual observa,tions were made 
from the ball turret of the test airplane, from an a.ccompany- 
ing airplane, and from the ground. The observer in the test 
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airplane was stationed -.in the "ball turret an.cl made, observa-- 
tiqns. during leyel-if light at- various conditions. 
The accompanying .airplane, with-two- observers, exclusive, of 
the flight crev;^ was maneuvered about the B-l/F airplane at 
a distance of approximately '^00 feeto Observations:. of each 
heat-exchanger; Installation were made from several iDOsitions : ' 
f rom -.each ;slde /, directly-' below, and be low and slight ly aft , 
In .addition to the-:abov.e rt^Sts-, - the B-I7F. airplane, was flown 
at altitudes; of ,300. and ^OO-'feet over two*' observers- stationed 
on -the . ground p j ;;. ■ • ^ • ; '„ 

• 'lTiien"the performance tests of the heat exchangers Vere 
completed and the quadruple-shielded therm.ocouples were 
installed in the exhaust stacks, tem.perature data vjere recorded 
for the unshielded and shielded thermocouples during rated- 
power climb and level-flight conditions sim.ilar to . the ... 
con6.itions^ at which the. hea.t exchangers* were test ed " . , 

. For- the .investigation of the effect of the ' heat-excliahger 
"ihstallatibn on the . turbine-supercharger' bperation, . tests were 
conducted, at the sane., flight .conditions with and* without heat 
excha^nger 7 installed in nacelle 3 Rated-power climbs were 
made to ajpproximately 31,000 feet pressure, altitude to" investi- 
gate the critical altitude of the turbine supercharger for this 
■power condition* • .The test climbs- v/ere made with full throttle 
under the operating conditions of constant m^anif old pressure, 
engine speed, and indAcatod airspeede The manifold pressure 
was maintained constant by adjustment of the boost " cont.role .• 
Level flights were conducted at 25,000 feet pressure .altitude 
to' determine the effect on the turbine speed and .wasto-gate- 
yalve position of ; (1 ) .va.rying engine speed' (at full throttle 
,and full boost) and (2) varying manifold pressure (at .••full"/ 
throttlq and constant engine specd)<, For part (1),'. the engine 
speed was changed by adjustment of the propeller pitch control 
and for part (2) the manifold pressure was cha.nged by operating 
the boost control • 

- . , • " ■ RESUUTS / 

• The data recorded during the performance, tests of the- .;■ 
seven heat exchangers are presented in tables I to VII, " 
inclusive,. The reference pressure, which was the static 
pressure of . the service a.irspecd head, hcis been corrected to" 
true ambient static, pressure • The pressure correction applied 
was obtained from a. calibration of the service airsioeed head 
by means of a static head suspended beneath the ^^d'rplane«" 

The data obtained during the operation of the engines at- high 
povrcr on the ground- and. during taJce-of f are not com^plcte and 
do not represent, a state of equilibrium. The length of time 
that ■ the engines could be operated safely at this high power' ■ 
without- oyerhea.tlng did not permit a state of equilibriuD. to . . 



11 



be reached. The data for these conditions have been included 
because they , are Indicative of the-, maxinum. -values which might 
•be attained una.er these severe operating, conditions. The 
ranges of altitude given in the tables for the climb and 
descent runs represent the change in. altitude during the 
recording of the • dSita., 

The evaluation of the general performance character- 
istics of the seven heat exchangers . is presented in tables 
VIII to XTJ , inclusive, x-jiiich were prepared from the data 
in tables I to VII, inclusive. The heated-air temperature 
given in these tables is the average value of the five- 
thermocouple survey located in the heated-air outlet duct,^ 
The air-temperature rise was d.etermined from the . ambient -air 
temperature and. the average .heated-air temperature. The 
rate of heat transferred v^as based upon the air-temperature 
rise, the air-flow rate, and the specific heat of the air 
at the arithmetic average of the ambient air and the heated- 
air temperatures. 

The measured static pressure at the air inlet scoop was 
corrected for the difference in cross-sectional area betT;reen 
the air inlet scoop and the heated-air outlet duct. The 
difference between this corrected static pressure at the air 
inlet scoop and the static pressure measured at the heated- 
air outlet duct is presented in each table as the air-side • 
static pressure drop. The exhaust-gas pressures were measured 
at' joints of equal cross-sectional area and, therefore, no 
area correction to the recorded pressure differences was 
necessary. 

The data obtained for the tests conducted with the 
shielded thermocouples installed in the exliaust stacks of 
engines 1 and 3 indicated a difference in temperature betvieen 
the shielded and unshielded thermocouples ranging from 120" 
to l60^ F for the level-flight and descent test conditions, 
and from 60^ to gO° F for the climb condition, with no 
consistency of the data within these ranges. The corrected 
exhaust-gas temperatures presented in tables VIII to XIV, 
inclusive, are the recorded values increased by 140° F for 
the level-flight and descent test conditions, and increased 
by 70° F for the climb condition. The values of the exhc.ust- 
gas-flow rate given in the tables were calculated from 
engine-performance data. 

The results of the flame-suppression tests are given in 
table XV, No attempt was made to measure the intensity of 
the visually observed flame or glow bocausc it was believed 
that whether or not the flame and glow were visible to the 
eye v/as a fundamental criterion of flame suppression. During 
all of the night flights cona.uctcd to observe cjdiaust flaming, 
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heat exchangers were Installed in nacellQe l^.- ^, and ll-, ' and 
the glycol boilers, of the-; service- cabin-liea'ting s-ystem v/ere in 
nacelle ■•.2; .i.theref oris.,, no. indicatSon •''of '•• tfte ..Int en-slty of the 
flawing; or. ■-glot/ing .was obt aine-d-. f or ' .the. r egTJilar . exhaust " system , 
The exhaa&t f'la©iTig.» '.m.i<3h:Wa's. -v^ "ball 
turret of.. the test airplane-., was '.a' bltie' iiaze ;Of low intensity. 
The tjrpe :Of:' fuei' ubed in' the engines nay have an effect on the 
intensity of exhaust flaming; hovrever, ojily-v^aircraft engine 
fuel, grade i;^0, . aromatic was. used- i^Ai'ir'liig^.^he 2?eported tests.. 

The.liea^ excho-hgers /'were, n tested for' a , sufficient ■ 
length of -time- to provide,. con^^ inforraatio'n regarding the' 

service lif e -of the. varipus -units; howfever,; each heat exch^uiger 
was visually •irispecte'd for . indications ,of' failure after the 
tests had^bc•3n;. completed,; A discoloration . of the metal on all 
heat oxcimngers- wa's'..pbserved: to be on the 

exhaust-gas side 'tha:n..: on the air. side."' slight rougiiness of 
the metal .:on' t-he exhaust-gas side, especially noticeable in 
heat exchaiigcr 1,,. -was found at the forv/ard end of .the heat 
exchang<5r&. .:'-lh' ali'cases, the amount of discoloration and 
roughness did not appear to exceed that of the regular ejchaust 
system. Small crachs.. were observed at' the forward end of heat 
exchangers £ •ahd 7:/in' the .region where the., flutes were joined 
togothe-r-;..:; .-prior - ^6 . the. inspection, he'at exchangers 1, 2, o.nd 
3 had been tested for .approximately SI' hours, for. approxi- 
mately lcD.:hours, '5 for ^ipproximately 11 hours, and 6 and J for 
about 29. -hours, • ■ - •' ' ' , ■ 

The;jrG^sults ;of the preiiminary: testing of tho final instal- 
lations of /lieaf -exchangc'rs 3^ -5, ana are given in table XVI/ 
Since the performance characteristics of the heat exchangers 
had been investigated, and these thjree final installations 
were specif ically .j^or service., testing, complete temperature 
and pressure data t7cre not obtained* 

The- effec't of he.at exchanger 7 installation in.. -nacelle 0 
on the turbine - speed and vjaste-gatc-valve position for 'the' 
three test .conditions investigated is shovm in figures "63 to 
65 inclusive.v . . ' . ' ^ 

Figure 63- present s the results of the rated-powcr climb 
tests, and -figures - 6if and .65.' present the results of the level- 
flight investigations^ . 



DISCUSSION 

The possibility . of : deters single index which can 

be used for comparing\.all. heat • exchanger s has been the subject 
of much discussio.ri' and:.research/ The large number of factors 
involved (heat*"' output.,. /tepperatur .rise," resistance to -^exhaust- 
gas-and-air flbtj, *and exchanger-. weight '"and volume) makes the 
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selection of the optimum exchanger very dependent upon the 
particular application. This problem of establishing a 
"coefiiciont o'f performance" for heat exchangers was also 
encountered during the investigrttions of reference 1, in. 
which several exchangers of different design and anticipated 
output were tested. A reasonably satisfactory. basis, for the 
comparison of different exchanger designs exists, , however, 
when all the exchangers are intended for the sam.e- installation, 
as in the case of the reported investigation, 'Accordingly, 
the design requirements of the heat-exchanger installations 
for a typical four-engine bomber aArplane therma.l ice- 
prevention and cabin-heating, systems have been' chosen as the 
basis for the comparison of the seven heat exchangers. 

The design reo^uirement s. arc given for the critical 
conditions of the outboard- and inbocurd-nacelle heat -exchanger 
installations. The outboara-nacelle installations, to be used 
for the wing icc-prevontion system only, were considered to be 
critical for 12;,000 feet .pressure altitude at maximum range 
cruising-f light conditions." The inboa^rd-nacolle installations, 
to be used for the empennage ice-prevention and cabin-heating 
systems, were consid.ered .to be cx^itical at 35,000. feet 
pressure altitude for cabin-heating use during maximum range 
cruising-f light conditions. Unfortunately, the-, test conditions 
were not identical to the design specif ica.tions because the 
specifications were not available until the investigations 
were almost completed, and because the factors involved in 
flights at high^ altitudes restricted opera.tions at 35,000 feet. 
The" test conditions, nevertheless, closely approximated the 
design assumptions in most cases and, in "general,, provided 
data from which the relative ability of the various exchangers 
to satisfy the design requirements could be estim.ated. 

The design, requirements and the performance data to be 
compared v/ith those requirements are presented in table XVII. 
Although exchanger 2 was installed in nacelle 3, it was not 
tested at 35,000 feet (design requirement for the inboard 
exchangers ) and hence has been listed with the outboard 
exchangers in the table. The exchanger v/as of comparable size 
with those tested in the outboard nacelles and can reasonably 
be included with them for the purposes of .discussion. All 
tliree of the exchangers for which test data were obtained at 
3l-i-, 600 feet have been grouped together for' comparison with 
the inboard-nacelle requirements even though' two of these 
exchangers were designe'd for the outboard nacelles. 

The desired values of the total pressure drop for the 
exhaust-gas and air sides of the heat-exchahger installations 
were specified in- the design" requirements o -However, the toto.l 
pressure drops .were not obtained during the . testing because 
of the difficulties and complications associated vjith the 
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instrunientation necessary to determine correctly the total 
pressure., prof lies' across the heated-air; 6.ut let duct and the 

exhaust stack o On the 'exhaust-gas side; there was little, 
space 9,vailahle f'or the .location of /pressure tubes aft. of ' 
the Exchangers and between the* heat" exchangers and the. engine- 
exJ-ieuGt collect-ore (See the figures of the heat-exchanger 
installations,.) An Indication, of ; the- static pressure droD 
ac.rps.S::the* gas side- of the exchangers v;as obtained and may 
be.: us'ed; in- comparing the'" various, exchangers but should not 
:be .'compared -with the design total pressure drops « rJith regard 
to the :a;ir side of .the heat, exchanger the velocity distribu- 
tion .across the air-lnlet-scoop entrances v/as sufficiently 
cons1;.ant/ to allovT .the' total pressure to be evaluated from a 
tiiree-tube total-pressure survey, 

■ .In the heated-air outlet only .the . static pressure, vjhich 
.has essentially ;a .constant value- at any duct' section^ vib:s 
measured* :.-A reasonable approximation 'of the 'total pressure 
in. the air out let /'however , can be obtained by adding a, 
calculated value of . the dynamic pr^rssure in the outlet to the 
measured static pressureo The fiox^r in the heated-air outlet 
ducting; was assumed to be turbulent and. the relationshli;) used 
tojc.alculate"" the. djmamic pressure was q = -^-pV^ ; where is 
the dyna.uic pressure, p is the density of the air, and. V 
is the average air velocity in the ducto The calculated . values 
•of total pressure in the air outlet duct were subtracted from 
the. values measured at the air inlet to provide the total 
pressure drops presented iri table SCVil. ■ • . 

■-•-A: consideration of the rate of heat transfer of -heat 
• exchangers 1 to 6, inclusive, indicates that only exclmnger 
5 exceeded the design requirement' for' the outboard-nacelle 
installation at lg,000 feet pressure altitude. However, the 
test indicated airspeed was below the design value and it is 
probable . that the rate of heat transfer of exchangers 1, 2, 
3, ^1^, and, 6 wouM satisfy the requirement if tested at ■ design 
airspeed conditions. Attention is directed to the fact that^ 
although, the design rate of heat transfer may be realized, 
the heat-exchanger, performance may not be satisfactory unless 
the air-floxf rate and .temperature -rise, which determine the 
rate, of heat transfer, also meet the design requirement s* 
For heat exchangers- 1 to 6, inclusive, the air-flow rates vrore 
below the design values, and the -air-tcmpcraturc rises, except 
for exchanger 4-, .exceeded the design requirements. The heated- 
air-temperature rise produced by exchanger ^ was within the 
range specified in the ' design rcquircmoats, but the air-flow 
rate ms low. This general condition of low flow rate aaid 
high temperature rise indicates that the pressure droi3 across 
the.. exchangers was high, v/hich is verified by the values of 
total pressure drop given in table XVII. Of the six exchangers 
compaj?ed v/lth the design requirem.e.nt s for the outboard nacelles, 
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exchanger 5 most nearly approached the design pressure drop 
and air-flow rate. The comhination of low air-flovf rate and 
low total pressure drop presented for exchanger 2 indicates 
that the heated-air outlet ducting contributed noreto. tne' • 
over-Pll pressure loss in the inboard-nacelle than in the case 
of the outboard-nacelle installations.- A total pressure cirop 
across the exchanger 2 installation equal to the allovmble 
fesign reciuirenent would probably have resulted in an air-flow 
rate, tcnp'crature rise, and rate of heat trarisfcr close, to the. 
design specifications. 

In the interpretation of the air-side total pressure 
cxoos for the heat exchangers, it is important to .realize 
that .the values given in table I-IVII include the pressure 
ciroo through the air inlet scood, the heat exchanger proper, 
and' the air outlet header. It is possible, hov/ever, to ootam 
a relative indication of the pressure loss to be attributed 
to the exchanger itself by a comparison of the test data for 
similar installations, such as those of exchangers 1, 5, 
and 5. On this basis it may be seen that exchanger^ 1 instal- 
lation had the highest pressure drop at the lovjost flov/ rate, 
and since the installation of this exchanger was similar to 
those of exchangers 3, 4-, and 5, it is probable' that the 
pressure drop across the exchanger proper was approximately 
twice that for exchanger 5. Exchanger 6, although tested 
in the outboard nacelles, has not been considered in this 
compo-rison because this was a cross-f lov; heat exchanger and" 
rccjUired a different type of installation. 

An indication of the effect of air inlet scoop, heat- 
exchanger shroud, and outlet design on the performance of 
oxi exchanger installation is illustrated by a comparison of 
the do-ta for exchanger '5 installed for performance .tests and 
for service tests. (Sec to;Dle3 X and XVI. ) The final instal- 
lation of exchanger 3 was designed to have a lower air-side 
pressure drop than the test installation. Although the final 
installation pressure drop was not measured, a reduction was 
ap-iDarently achieved as evidenced by the increase in the air- 
flow rate and the decrease in air-tcmpcraturc rise. 

A comparison of the performance data for exchangers 5, 
6, and 7 with the design requirements at 35^000 feet pressure 
altitude indicates that the Vr.te of heat transfer of the 
exchangers was below the design vr.lue<, Although exchanger 7 
was the only ur.it specifically designed for use in the inboard 
nacelles, the tost data show that the rate of heat transfer 
for exchanger 5 almost equaled that of exchanger 1c Although 
the test indicated airspeed \td.b below the design value and 
the exchanger rates of heat tr,:insfcr would increase as the 
design airspeed is a-oproached, it is questionable whether the 
reciuired rate of heat exchange could be achieved by either 
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5 or 7 unde^r aesign conditions 4 The performance data indicate 
that for exchangers 5 and 7"^ the -air-flow "rate and air- 
tenperature rise, which determine the rate of ' heat -transfer " • 
ancVraust meet design requirements if the periormahce of the' * 
ice-prevention- or cabih-heatiilg system is to- Be satisfactory-, 
were, respectively, helov/ and above design valued,, ' This-- 
report.ed-..>perf ormance of ' the . installations indicates a" high 
air-^side. pressure drop which is substantiated by the data 
presented,; in table XVIIe The high air-temperature rise-.-- 
experienced with the installation of exchanger 7 in nacelle 3 
was the reason for the adaptation of thB cold-air tenvoering 
system., already described, under the discussion of final or 
service-test installations « The effect of tiais tempering 
system. in reducing the temperature of the heated air- direoted 
to" the empennage -is- shown to be satisfactory by a comparison 
• of data in:. tables XIV and XVIc " - . . ' 

\ A comparison of the perf orinance . d.ata recorded, -for each • 
exchanger at. different altitudes indicates that^ in general,- 
^■the air-.flow rate deorease'd and the air-temperature rise } 
anoreased as the altitude vras increased for similar- airspeed 
and engine-pQVJer conditions « The record.ed decrease in air--' 
flbx^r rate had a greater . effect on the rate of heat transfer 
than diid the. increase in air--tcmperature rise, "resulting in 
a decrease in the rate of heat transfers These results indd-' 
cate tha.t the variation of heat-exchanger performance with 
cha-nges in altitud.e is an important ' consideration in* the 
design of such installations. The application of exhaust-gas 
heat exchangers* to future engine installations in which 
satisfactory exchanger performance is required over a large 
range of airplane and engine* operating conditions will 
probably lead to the development of air--tempering systems andi. 
exhaust-gas bypass d.evices. 

The results of the flame-suppression 'tests indicated- 
that the intensity of the exhaust flaming was not sufficient 
to be visible at an estima^ted distance of 3OO feet, but that 
the glow of portions of the exhaust system^ and the turbine ' 
superchai?ger was visible. Exhaust flaming, as a blue haze/ 
observed from the ball turret of the test airplane, indicated 
that flaming did exist but was of low intc-nsitya In the 
evaluation of the results of the flame -suppression investi- 
gation, the background conditions should be consid.ercdo For 
the reported tests, it was observed, that the m.oon xms not ' 
•visible when heat exchangers 1, 2, and 3 vjere tested, but wa^s 
visible near the end of the flights when heat exchangers 
K, 6, and 7 wore installeda During all of the tests, ground 
lights v;rere visible but, w^hcn observations were being made, 
the airplane was maneuvered, so that the source of light v/as 
•not in the baclcground« 



17 



The results -Of .the tests to investigate the operation of 
the turbine supercharger v/ith and rrithout exchanger '7 installed 
indicate that in a rated engine-power climb, the "speed (and, 
therefore, critical altitude) of the supercharger was not 
affected by the exchanger installation, a fig* 63)^ However, it 
was found tha.t the exchahger^ installation necessita-ted a 
greater closure of the •X'^aste -gate yalvc in order to maintain 
the manifold pressure at the r at e.d-power value* ."The data in 
f;igure 65 indicate that a movement of the waste-ge-te valve* 
from two-thirds closed to almost fully, closed was required ' 
to atts.in the same manifold pressure in level flight with the 
exchanger installed as that obtained, v^ith no exchanger. The 
limited . scope of the supercharger investigations precludes* 
the presentation of ' definite str^toments. regarding the effects 
of hcat-exchcaiger installations on turbine-supercharger 
performance, and the data presented in figures 63, oK s.nci 65 
should be interpreted with reservation^ 

The total time that the heat exchangers were tested v/as 
not sufficient to provide a. basis for conclusions on the ' ' 
service life of- the units* The discoloration vjiiich was 
observed iviien the heat cxchoiigers \7ere inspected did not 
appea.r to bo excessive. The location of the smo.ll cracks 
observed on heat exchangers 6 and 7 "f^^o forv/ard end idiere 
the flutes were joined t.ogcther indicated that failure was 
probably due to the method of fabrication ' of the .heat 
exchangers* The cra.chs were in the region where a consider- 
able a.mount of forming and welding was required in the 
fabrication, and the method of joining the flutes appeared 
to cause a concentration of stress at this point* It was 
also observed that, the discoloration of the metal of 
exchangers 6 and 7 '-^-s most loronounced in the region where 
the cracks were located. The discoloration probably indicates 
tha.t the distribution of air was not satisfactory to pr')vide 
sufficient cooling of this a.rea. 

In the installation of exchangers 6 and 7; the clam.p 
connections which Joined the hea.t exchanger to the exliaust 
stack were located within the air shrouding and, therefore, 
any leakage of exhaust gas at these joints would enter the 
air stream. Exliaust-gas leakage at the clamp connections of 
exchanger 7 '^'^^ evidenced by discolorations of the exht~iust 
shroud in the vicinity of the clamps. If a heat-exchanger 
instal?Lation of this type were to be used for cabin heating, 

secondary exchanger would be necessary in order to avoid 
the danger of introducing carbon m.onoxide into the airplane 
cabin* Installations siniila.r to the cross-flow type tested 
are not subject to contaminant ion of the heated air by exhaust- 
gas leakage at the attachjiient clar-ips beca-use these connections 
are loca.ted outside the air pa.ssages; however, a secondary 
exchanger ma,y be em.ployed as a preca.utionary measure in the 
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event of a minor failure of the exhaust-gas-to-air heat 
exchanger, 

, aONCLUBINC- REJ'IARKS 

• The design requirement s ' of . heat exchanger installations 
for a typical four-engine bomber airpla^ne are used -as a basis 
for comparing the performance of the^'heat exchangers tested. 
The results, indicated that the design rate of heat transfer 
for the outboard nacelle heat^-exchanger. installations v/ould 
probably be provided by all the heat exchangers tested in 
those nacelleso. It is questionable if .any of the hea.t 
exchangers tested in the inboard nacelles would provide the 
rate of heat transfer -specified for those nacelle So For all 
the heat exchangers tested, it was found that the air-side 
pressure drop across the exchangers iias high and resulted in 
loxr air-flOvT rates and* in most cases high air-temperature 
rises^ • ' ■ . 

The flame- suppression tests results showed that the glow« 
ing of the -exhaust stacks and. turbiAo-su-oercharger -parts was 
more visible than the eridiaust gas flamingo 

The limited data obtained on the effect of a heat-oxcha.nger 
Installation on the operation of a turbine supercharger' 
indicated tha,t the critical altitude of the supercharger for 
ratcd-engine-pov/er conditions • was not affected*^ by the-^heat- 
exchanger installationo These data also show that, for a given 
engine manifpld prcssurv?, greater closure of the waste-gate 
butterfly valve was required vlth the exchanger insta^llcd than 
V7ithout thq exchanger insta.llcdo 

Ames Aeronautical Laboratory, 

National Advisory Committee for ;^oronautics, 
Iloffett Field, Calif., Aoril I9, ISKK, 



19 

REFERENCES 

1, Jackson, Richard, and Hillendalil, Wesley H. : Plight Tests 

of Several Sxiiaust-Gas- to-Air Heat Exchangers* HACA 
ARE No. i^-Cl^l-, lSkk-„ 

2, Jones, Alun R,, and Rodert, Lewis A,: Development of 

Thermal Ice-Prevention Equipment for the B-17F Airplane 
NACA ARE No, 3H2^, 19^3 » ' 

3, Look, Bonne C; Flight Tests of the Thermal Ice-Prevention 

Equipment on the B-17F Airplajie, NACA ARR No. kB02, iskk-. 



fABl£ DATA RGCOROBD FOR EXCHANGER 1 TESTED 
IH HACBUE 1 OP THE B-17P AIRPLAHE 

NATIONAL AOVISORT 
COMMITTEE Fas AEHONAUTICS 



Rub unnibei* 


1 


2 


5 


4 


5 


6 


7 


8 


9 


10 


11 


Fli^ ocmditions 


Ground 


"T.O.- 


Cliab 


Climb 


Clinb 


Level 


Climb 


"Le^l 


Descent 


Descent 


descent 


Manifold pressure, in. Hgt 


16 


44 


37 


S8.6 


38.5 


28 


37 


26.6 


20 


19 


20 




16 


44 


37 


38.5 


38.6 


28 


57 


26 


20 


19 


20 




16 


44 


38.6 


38.5 


58.5 


25 


37 


27 


19.5 


19 


20 




16 


44 


36.6 


58.5 


58.6 


28 


37 


27.5 


19.6 


19 


20 


Engine speed, rpnt 


1150 


2500 


2500 


2500 


2500 


1800 


2300 


1900 


1800 


1800 


1600 




1150 


2600 


2500 


2500 


2500 


1800 


2300 


1900 


1800 


1800 


1800 




1160 


2600 


2500 


2500 


2500 


1826 


2300 


2040 


1800 


1800 


1800 




1200 


2500 


2500 


2500 


2500 


1826 


2300 


1900 


1800 


1800 


1800 


Indioeted airspeed, mph - - - - - 






134 


155 


133 


128 


133 


129 


165 


148 


160 




Sea 
level 


Tea- 
Level 


3,060 
7,000 


a,ooo 
12,000 


12.400 
16,400 


18,000 


20,300 
24,300 


24,800 


24,500 

21,500 


17,200 
14,200 


e,ooo 
5,000 


Mixture setting, 

automatic rich or lean - - - - - 


A.R, 


A.R. 


A,R, 


A.R. 


A.R. 


A.U 


A.R. 


A.L. 


A.L. 


A.L. 


A.L. 


Temperatures, ^Ft 


66 


62 


67 


48 


17 


14 


12 


.9 


•2 


18 


53 


Tgg, exhaust g^s In ------ 

T^0# exhaust stack wall at T39.- 






1554 


1564 


1646 


1626 


1676 


1680 


1655 


1499 


1698 


527 




876 


906 


910 


1022 


1114 


1110 


1007 


883 


779 


T^j, exhaust stBck wall at T-g - 


557 

OKJX 





990 


1054 


1052 


1072 


1097 

1 1 At; 


1168 


953 
997 


906 
963 


816 
866 


950 




1462 


1480 


1476 


1522 












T^g, exhaust stack wall at T^j • 
T^g, exhaust stack wall at T^j - 


281 










642 


704 


694 




526 


396 


440 




823 


844 


850 


804 


900 


898 


799 


637 


565 


507 
517 


464 


476 
469 


495 
495 


485 
494 


479 
482 


536 
544 


520 

525 


440 
428 


370 
356 


352 

507 


Tgg, air out J 


507 
294 




466 
440 


474 
452 


472 
450 


467 
434 


520 
496 


486 
460 


598 
373 


337 
320 


290 
280 




279 




404 


416 


414 


392 


454 


. 399 


340 


294 


264 


Tgg, exhaust shroud, forward - - 
Tj;7, exhaust shroud, aft - - - - 


245 
136 
130 




426 
180 


457 
146 


457 
167 


424 
200 
167 


498 
260 
233 


438 
208 
194 


353 
215 
310 


283 
127 
138 


251 
120 
150 


151 


254 


276 


509 


326 


328 


440 


400 


257 


160 


127 


Pressures t 
























^?2l» ®x*>a"«* g*8 in, static - - 
*Pj^-p22# sKhauat gas static APg 

P23, air in, static ------ 


31 


56.3 


35.9 


28.4 


27 


20 


25.5 


16.4 


15 


17 






3.5 
2.3 


2.9 
13.5 


3.2 


5.3 
12.8 














2.3 


13.6 


10.5 


12 


16 


12.3 


12.3 


14 


'Pg^, air in total, top - - - - - 
P25, air in total, center - - - 
*^26* total, bottom - - - 
'P27, air out, static ------ 


2.5 
2.5 




13,5 
13.7 


13.3 
13.4 


12.9 
13.0 


10.5 
10.6 


11.9 
12.2 


10.0 
10 »5 


12.7 
12.7 


13.5 
13.7 


14.4 
14.4 


2.5 




15.5 


12^3 


13.0 


11.0 


12.0 


10.4 


12.9 


13.5 




1.6 




-0.4 


-0.6 


-0.8 


-1.2 


-1 


-1 


-1.8 


-1.6 


-1 



Inches of mercury, absolute, 
'inches of water. 

* Inches of water, referred to ambient statlo pressure. 



TABLB II,- DfcTA RBCOREED FOR BICHAHOBR 2 TSSTBO 
IK HACBLLS 5 OP THE B-17P AntPLAIB 

NATIONAL ADVISORY 
COmmjTTEE fOa AERONAUTICS 



Run niosb^r 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


Flight condition 


Qround 


T«0» 


Climb 


Cliirb 


Climb 


Level 


Climb 


Level 


Descent 


Descent 


Descent 


Manifold pressure, in* Hgi 


























16 


44 


87 


38 


38 


28 


37 


26.5 


20 


22 


20 




16 


44 


37 


38 


88 


28 


37 


26 


19.5 


21 


20 




16 


44 


37 


38 


38 


25 


37 


27 


19.5 


21 


20 




16 


44 


37 


38 


38 


28 


37 


27.5 


19.5 


18 


20 


Engine speed, rpmi 


























1150 


2500 


2300 


2300 


2300 


1800 


2300 


1900 


1800 


1800 


1800 




1150 


2500 


2300 


2300 


2300 


1800 


2800 


1900 


1800 


1800 


1800 




1150 


2500 


2300 


2300 


2800 


1825 


2300 


2040 


1800 


1800 


1800 




1200 


2500 


2300 


2300 


2800 


1825 


2300 


1900 


1800 


1800 


1800 


Corrected 




106 


135 


133 


133 


128 


133 


129 


138 


158 


165 




Sea 


5ea 






12,000 


18,300 


Z0,800 


25,000 


24,500 


21,000 


r;TXxr 


Pressure altitude ^ ft « * * * « 


level 


Level 


7,300 


12,000 


16,000 




6w,UW 










kAixture settings 
























autcmtatie rich or lean - - - - - 


A«S* 




A,H* 


A«R. 


A,R. 


A,L, 


A.R. 


A,L. 


A.L, 


A.L, 


A.L. 


Tamiim m a ^ 1 **a e OP* 
A vntpcr & vuros 0 r 1 


























DO 


DC 


Oo 




Oo 


10 


12 


-9 


-2 


8 


56 




1072 




1320 


1829 


1485 


1506 


1600 


1628 


1476 


1290 


1190 


V anphans^ e^^i^lr vail 






700 


780 


830 


889 


900 


997 


1111 


805 


670 


x^gt eKEiansx svacx mxx &» ^20 


694 




1044 


1042 


1077 






1200 




945 


787 


T^^, exhaust stack vail at Tjq - 







1031 




1064 








.... 








911 




922 


892 


1319 


1140 


1358 


760 


1230 


1248 


1152 


T2g» exhaust etaclc wall at T^^ * 


308 




545 


533 


570 


447 


595 


607 


590 


406 


819 


Tjg, exhaust stack wall at T^^ - 


381 




496 


515 


524 


397 


520 


548 


334 


850 


265 


T^ff, exhaust stack wall at T^^ « 


480 




831 


852 


864 


682 


920 


529 


580 


310 


530 




302 




878 


426 


432 


372 


480 


479 


868 


330 


275 




360 


402 


488 


442 


448 


398 


498 


490 


390 


358 


300 




313 




440 


445 


454 


398 


504 


490 


387 


358 


295 


f|f. air o«t f .... - 


295 




424 


433 


439 


382 


490 


473 


370 


346 


288 




274 




405 


410 


416 


848 


468 


443 


340 


315 


269 


Tgg, heater outlet » skin - - - • 


380 




435 


400 


402 


400 


504 


485 


398 


355 


378 


^36* heater shroud, skin - - - - 


131 




147 


138 


131 


140 


155 


177 


155 


131 


135 


T^y, exhaust shroud, forward « 


167 


269 


290 


282 


284 


215 


324 


430 


216 


176 


169 


Tgg, exhaust shroud, aft « - « • 


131 




155 


155 


149 


123 


162 


190 


148 


168 


176 


Pressures i 
























^^11' stetlc - - 


31 


37,6 


32 


30 


29 


20 


27.5 


20.1 


15.5 






*Pxi*^12» «**»*«st gas, APg, static 




15 


26.5 


28 


29 


11.3 


38 


17 


10.5 






3^14* ^'^^ total, top - - - - 


Ul 




13.9 


18.5 


13,2 


11.8 


12.5 


10.6 


11.6 


14.3 


16.2 


P,e» air i^i, total, center - - - 


2,0 




15.7 


isa 


13.0 


11.6 


15.0 


o 10.8 


11.5 


14.0 


15.2 


air in. total, bottom - - - 


2,0 




13.7 


13.2 


13.0 


11.6 


12.9 


10.6 


11.3 


14.0 


15.2 


'p^3, air in, static 


1*5 




15.3 


15 


12.8 


11.8 


12.3 


10.6 


10.8 


18.5 


14.5 




0.8 




6 


6 


5 


5 


4.3 


4.6 


4.8 


5.6 


6 



^Inches of nercury, absolute. 
^Inches of irnter. 

^Inches of water, referred to ambient static pressure* 



TABU III.- DATA RBCOREBD FOR SZCHAHCSR 3 TESTED 
IK I&CELI2 4 OP THE B-17F AIRPUNE 

C3UUtTTE£ FO^l AERONAUTICS 



Bn aiatb«r 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


Flight eenditi«ns 


Ground 


T.O^ 


Climb 


Clinh 


Cliirih 


Level 


Climb 


Level 


Desoent 


Desoent 


Descent 


liuilfold prMsvre, in* Rgt 


16 
16 
16 
16 


44 
44 
44 
44 


38*5 
37.5 
38 
39 


38 
36 

38 
38 


38 
38 
38 
38 


28 
28 
25 
28 


87 
87 
87 
37 


26.5 
26 
27 

27.5 


20 
20 
19.5 
19.5 


19.5 
19.5 
19.5 
19.5 


19 
19 
19 
19 


Engine speed, rjmt 


1150 
1160 
1160 
1200 


2500 
2500 

2500 
2500 


2500 
2500 
2300 
2300 


2300 
2300 
2500 
2300 


2500 
2500 
2500 
2500 


1800 
1800 

1825 
1826 


2300 
2300 

2300 
2500 


1900 
1900 
2040 
1900 


1800 
1800 
1800 
1800 


1800 
1800 
1800 
1800 


1800 
1800 
1800 
1800 


Indieated airspeed, ^ph - - - - 




106 


133 


133 


135 


128 


154 


129 


145 


160 


158 




Sea 
lerel 


Sea 

level 


7,200 


8,400 
12,400 


18,300 
17.300 


18,000 


24.300 


25,100 


21,700 


20,000 
17,000 


7,000" 
4,000 


Mixture setting, 

autoaatio rioh or lean • • - . 


A,R« 


A,R. 


A.R* 


A.R. 


A.R. 


A.L. 


A.R. 


A.L. 


A.L, 


A.L. 


A.L. 


Temperatures, "Ft 

T2« exhaust staok vail at Ti - 
Tjt e^iatwt staok wall at T^ * 


66 
1114 

730 
580 
877 
567 
408 
443 
264 
280 
326 
291 
332 
332 
672 
157 
168 


62 


64 
1500 
1018 
832 
1374 
842 
706 
832 
380 
380 
411 
886 
438 
432 
986 
210 
276 


39 
1500 
1036 
868 
1590 
884 
741 
864 
388 
388 
417 
893 
448 
442 
1000 
220 
308 


32 
1640 
1064 
884 
1598 
878 
780 
922 
402 
406 
440 
420 
461 
468 
1050 
272 
364 


16 
1582 
1125 
1063 
1376 
779 
717 
857 
346 
343 
881 
349 
418 
415 
975 
545 
510 


16 
1672 
1145 
948 
1444 
920 
836 
980 
442 
442 
478 
454 
498 
498 
1111 
560 


-11 

1625 
1220 
1060 


-6 

1500 
1020 
978 
1290 
656 
625 
746 
299 
295 
355 
507 
570 
565 
860 
267 


16 
1614 
945 

958 
1280 
604 
592 
680 
29C 
. 290 
324 
295 
354 
560 
806 
226 


44 

1441 
840 
836 

1166 
448 
464 
617 
288 
286 
268 
246 
293 
300 
677 
173 


T5, exhaust staok uall at Tg - 
Ty, exhaust staok uall at T5 - 
Tgy exhaust staok wall at T^ - 

T^^, air out K Surrey - - - - 

T],9« heater outlet, skin - - - 
T^f* heater shroud, skin - * - 
Ti3, exhaust shroud, forward - 
Tig« exhaust shroud, aft - - • 


440 
234 


855 
768 
947 
388 
381 
415 
593 
440 
467 
1001 
542 
454 


Pressures t 
Pj, eidiaust gas in, statle - - 
• Pi-P** ges statle, AlV> - - - 

» P4, air in total, top - - - - 
» Pj, air in total, center - - 
» P0, air in total, bottosi - - 


31 


S6«5 
8.5 


32 .5 


30.6 


29.6 


21 
3.6 
9.8 
11.6 
11.6 
U.6 
0.4 




20.3 

12 
9 

10.2 
10.5 
10.4 
0.5 


16 
7 

9.5 
11.5 
11.2 
10.5 

0.4 


14.8 
1.6 
10.8 
12.4 
12.4 
12.7 
0.8 


25 
4.6 
11 
13.7 
13.7 
14.0 
1.8 


1«5 
2.1 

2a 

2.2 


11.6 
18.5 
18.7 
13.7 
1.5 


11.8 
12,7 
15.0 
13.0 
1.2 


11.2 
13.0 
18.2 
13.2 
0.8 


10.5 
12.0 
12.0 
12.0 
0.4 



^Inehee of HBreury, absolute, 
•inehes of water. 

*Iaehes of water, rmf0TT9d to oidbisBt etatie preaeure. 





J 


18.2 
19.0 

19.8 


iili 


s 


k 

O CM 


i 




25.0 
0.6 
12.3 
14.6 
14.6 
14.7 
2.5 




1 


19.0 
19.8 

16.8 
18.0 


1825 
1810 
1840 
1626 




II 


i 




15.0 
2.3 
9.3 
10.6 
10.5 
10.6 
1.4 


rH 


1 
1 


14.0 
17.5 

18,0 
21.8 


ilii 




i§ 


i 










27.0 
27.0 
27.0 

27.0: 


2100 
2100 

2100 




i 

o 


< 




19.1 
6.1 
10.3 
11.0 
10.8 
11.0 
0.9 






37.0 
37.0 
36.8 
37.0 


ilii 


2 


i§ 






26.5 
6.0 
10.1 
11.6 
11.5 
11.5 
1.3 






36.8 
57.2 
57.1 
37.0 


ilii 




§§ 


•o! 




26.7 
6.8 
10.3 
11.7 
11.7 
11.7 
1.5 


t- 


s 


27.0 
27.9 
27.2 
27.2 


1750 
1770 
1800 
1800 




1 

>-* 






20.7 
3.0 
10.0 
11.0 
10.8 
11.0 
1.6 


to 


•i 

O 


37.5 
57.5 
37.5 
57.5 


2300 
2300 

2300 




ii 






27.6 
6.8 
11.4 
12.5 
12.5 
13.0 
2.0 




-§ 

o 


58.0 
38.0 
38.0 
38.0 


2300 
2300 
2300 
2300 




10,000 
14,000 




S8SoSaSS25S8S8SS88 


28.0 
8.1 

12.5 
12.5 
13.2 
2.3 


^ 




39.0 
38.0 

39.0 


iili 


a 


p. 






29.7 
8.0 
11.9 
13.0 
13.2 
13.9 
2.5 


to 




44.0 
44.0 
40.0 
44.0 


ilii 




t-i 

n 




iiiiii iiii^^iiisi 


"Niiii 


w 


1 


ilis 


ilii 


i 


n 










1 


ilii 


ilii 


i 


n 

rH 


«; 

<^ 




30.8 
0.4 
2.1 

' 2.4 
2.3 
0.9 


1 

1 


i 


aaanifold pressure, in. Hg: 
No. 4 engine 


Engine speed, rpm: 


1 
1 

• 

i 




Mixture setting. 


1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 
1 I t 1 1 1 1 1 1 t 1 1 1 1 1 1 t 1 
1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 t 1 1 1 1 1 'S 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 i 

f'llllLlllXllll 

illliiiiili 


1 1 i 1 1 1 1 
1 i 1 1 i 1 1 
1 1 I 1 1 1 1 
• 1 1 1 1 

ii-iill' 

illliii 



is 

K iH 

la 



n 

• HI 
> 

a 

&4 



K < 
O X 

w> o 



to 

»H 


Pes cent 


m to lA U3 

• • • • 

OO CO CO GO 
r-» ^ 


1600 
1800 ' 
1800 


OO 
iH 


S8 

to to 
to to 


J 
< 


coi liHcoot»lcMeoifHe«.,-it^iOco 

(Ol I^CMIOCMICM^iex'fHaOtxOC^ 
1 lOCMtOtOICMCMlCMeOiHfHCMrH 

I 1 (H 1 1 
It « 1 

II II 
II 1 1 • 


to O Ok ^ to CM fH 

<M< O fH CM CM CM fH 
CM f-H fH fH fH 




o 


lO iO CO U3 
• • • 

fr- 00 P- 


! 888 

1 00 CO 00 

1 «H <-« 

1 

1 

• 


OO 
)H 


88 

IO to 


J 

<; 


to 1 IIOCO^<OlO»CMIIOOtOCMBOOO 
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I 1 rH fH 1 1 

II II 
II II 
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o 1 CO o o fH 

to 1 rH CM CM fH fH 
CM t »H f-« iH iH 

1 

t 

1 


«-l 


•P 

d 
o 
o 
a 


to ^> U3 lo 

rH 1-4 


1888 

t 00 CO GO 

1 r-l »H 

1 

1 

1 


00 
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88 

CO eo 

CM CM 


J 


^ 1 l^rHfHtOtCMfHI^fHCMCMCO^ 
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♦ lOlOt-CO 1 CM CM 1 to to CM CM CM pH 

I 1 *H r-l 1 1 
It II 

II II 
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O I to OO 

CM 1 fH fH fH fH O 
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1 

1 
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o 
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kO lO CO 
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O 
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8888 
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< 
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1 
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CO 
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1 
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1 

t 


e 

iH 


• 
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CO fH 1 till 
(0 1 1 1 1 1 
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u 
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Figure 2.- Heat exchanger used in the original thermal 
ice-prevention system of the E-I7P airplane. 
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Figure 19 Nacelle 1 exhaust shroud as altered for 
heat exchanger 1 installation. B-17P airplane. 



Figure 20 Nacelle 1 exhaust shroud as altered for 
heat exchanger 6 installation, 5-1?^ airplane. 
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Figure 22,- Mock-up of heated -air outlet for heat 
exchanger 7 installation in nacelle 5, views 
looking outboard and aft, B-I7F airplane. 




Figure 23.- Nacelle k exhaust shroud as altered 
for installation of heat exchangers 5, and 
5. B-I7F airplane. 
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Figure 26.* Heat exchanger 1 Installation In nacelle 1, 
ready for flight, B-17F airplane. 
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Figure 29.- Heat exchanger 6 installation in 

nacelle 1, ready for flight. B-I7F airplane. 
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Figure 52.- Heat exchanger 2 installation in 

nacelle 5^ ready for flight,. B-I7F airplane. 
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Figure 59 Heat exchanger 3 installation in 

nacelle ij., ready for flight, E-I7F airplane • 




Figure 59 Heat exchanger 5 installation in 

nacelle ii, ready for flight, E-I7F airplane. 
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Figure l\2.- Heat exchanger i| installation in 

nacelle i;, ready for flight, B-I7F airplane. 
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Flgvire k5'- Heat exchanger 5 installation In 

nacelle i|, ready for flight. B-I7P airplane. 




Figure ij.6.- Heat exchanger 5 shrouded for final instal 
lation in nacelle 1 of the B-I7P airplane. 




Figiore 1^-7 Nacelle 1 exhaust shroud altered for final 
installation of heat exchanger 5. B-I7P airplane. 



roA> ^ ^/^ sco<oA> ^z^A'c^^s ^ 
aA/ ^orrOA^. AO/e ^a^^ ^ 

A^^r^Ar/A/3 *S^^ C'C ""^ 



^jr//^4ArrA^^jV/A'OZ^ 



04 yAA 



' r^AA^s/r/OA/ 
j/:^/MAA-jj j-A-j^^/, 




-^1 



M^^ZA> 




a^0'^J-A4/A/Z^JJ 



AlO^r/A/^ SA^^OIA^ 




/i/A'AZ> 



J-A-CA/tPA^ A>' A> AiPA>A A/j^A^^J 



T-S-AJ^AOSr GAS 06/ r 



'A^eJA/SAr/oA/ SA-cT-zoA/ ro 



^ y^ZAA'^A' ^ y/Ay*/- ArJCCA^^AAaA-^ 



AAOAA-: y^AA ^^^A^ ^^^TAVAA^ 



NATIONAL ADVI SORT 
COIMITTEE FOR AERONAUTICS 



/vwc^^^^ /, K/^^ ^/yp/oz^^/vcfi-. 



T/^A/S/r/OA/ TO 



\A/UU\A£ SO)C 




A/A^ our £>CfCr/A^G 



^^Ol^TTSZ^ COAAA/£Cr/OA/ 



.\AA^\/s A'/^r^s z?/^^cr/A/<s 



A/^Ar£:c? AAA? z^A/x'^cre^ to 

AA^AT^A^ AAA^ 0£Ar^4Sr 



j^/.rJ^Z) COAAAA^CrAOAA 

A^^j^sros ^sATJsr 



jSAI^L 

^X/T 



AAA^ //^i^^r — 




OS2"JJ£^^Ai>^SJr£^Z 



,y^A/TtAA?/ Af^r^^ 

[03/" 3rAAA/^£ss srs^A. 




A=-OA?A^^O OCATA^^r M^/TA/ 

^''AAAAA^j^ jeAyjs-rjs-zf 

710 ACCESS A^AAA^'^. 



,OS2 ^J^^Z-A^AO^SJAj^^ 



SOl.rJ£/> COAAAA^CTAi^ 

A^s^^sros sa^sac'^t 



. OS2 ''J^^A^AO^'S'J/T^^Z 



.^oLr^z^ coAAAA^cryoA/ 
Aiss£S7r>s GAS/c^r 



, ^rA?AAASArAOA/ 




ocAr 



€ZC0AA71OO^ 



ry^A?A^ocx>CAA=^^ 



\ \ 

^ooAi^/A/<^ ^^r' 



I I 



NATIONAL AOVI SORT 
COMMITTEE FOR AERONAUTICS 




Figure 50.- Heated -air ducting for final installation of 
heat exchanger 5 nacelle 1; to direct air to the 
left wing outer panel or overboard. B-I7F airplane. 




Figure 51.- Pinal Installation of heat exchanger 5 in 
nacelle 1 of the B-I7F airplane, ready for flight. 




Figure 52.- Heat exchanger 7 used for final instal 
lation in nacelle 5 of the B-I7F airplane. 




Plgi;ire 55 Cold ^ir- tempering system for final Instal- 
lation of exchanger 7 nacelle 5 showing ducting 
from inlet on side of nacelle to heated-air outlet 
from heat exchanger. B-I7F airplane. 




Figure Valve system in heated- air ducting from 

nacelle 5; to direct air to empennage or overboard. 
B-I7F airplane. 




Figure 55.- Final installation of heat exchanger 7 in 
nacelle 3 of the B-I7F airplane, ready for flight. 
Inlet for air- tempering system is on side of nacelle 
above and aft of exchanger air inlet. 



Pig\n?e 56.- Heat exchanger 5 shrouded for final instal- 
lation in nacelle ii. of the B-I7F airplane. 
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Figure 59.- Heated. air ducting for final installation 
of heat exchanger 3 in nacelle 1;; to direct air to 
the right wing outer panel or overboard. B-I7P 
airplane . 
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Pigvire 60.- Pinal Installation of heat exchanger 5 in 
nacelle i^. of the B-I7P airplane, ready for flight. 
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Figure 62.- Quadruple -shielded thermocouple used to 
measure exhaust-gas temperatures. B-I7P airplane. 
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